SUMMARY. Single cardiac Purkinje cells should permit improved control of membrane potential during voltage clamp studies. We have developed a method for isolation of single canine Purkinje cells and studied their basic elecrrophysiological properties using conventional single and double microelectrode techniques. The single Purkinje cells appeared free of connective tissue, had regular striations, excluded trypan blue vital stain, and remained quiescent in solutions containing 1.8 mM calcium. Elecrrophysiological studies at 22°C showed normal resting membrane potentials, and action potentials could be elicited by extracellular or intracellular stimulation. Plot of the upstroke velocity of the action potential (Vn^,) vs. the holding potential showed a sigmoid curve with the peak mean V^, of 167 V/sec, and voltage corresponding to half-maximal V™* was about -70 mV. Plot of the overshoot of the action potential vs. the holding potential was similar, with maximal values of about +30 mV. The mean membrane input resistance was 21 Mil and the mean membrane capacitance was 360 pF. These experiments demonstrate that single Purkinje cells have electrical properties similar to intact Purkinje fibers and that they should be useful for more detailed elecrrophysiological experiments. (Circ Res 53: 544-548, 1983) 
Isolation and Characterization of Single Canine
Cardiac Purkinje Cells (Fozzard, 1966; Johnson and Lieberman, 1971; Fozzard and Beeler, 1975) , and to extracellular ion accumulation and depletion (Baumgarten and Isenberg, 1977; Kline and Kupersmith, 1982) . Preparations of single cardiac cells should improve voltage clamp control (Lee et al., 1979) and decrease extracellular accumulation or depletion of ions. Single Purkinje cells should be particularly advantageous to study because of their large size, their lack of a t-tubule system (Sommer and Johnson, 1968) , and the large amount of elecrrophysiological information published for intact Purkinje fibers. For these reasons we have developed a method of isolation of single canine Purkinje cells and investigated their electrical properties. Brief reports have been made elsewhere (Sheets et al., 1982a (Sheets et al., , 1982b . Recently, Mehdi and Sachs (1978) and Sachs and Specht (1981) also have briefly reported the isolation of canine Purkinje cells for electrophysiological study, and Callewaert et al. (1982) have isolated single bovine Purkinje cells.
Methods

Cell Isolation Technique
Cardiac Purkinje fibers were obtained from adult mongrel dogs anesthetized with sodium pentobarbital. The Purkinje fibers were rapidly removed and cut into 3-mm lengths in Tyrode's solution (135 mM NaCl, 5.4 mM KG, 22 mM NaHCO 3/ 1.8 mM CaCl 2 , 1.05 rrun MgCl 2 , 5 mM dextrose) gassed with 5% CO 2 and 95% O 2 . The cut Purkinje fibers were placed in Eagle's minimal essential medium* (Gibco) modified to contain 0.1 mM free Ca ++ (by addition of 1.7 mM EGTA), 5.6 mM Mg ++ , 5 mg/ml collagenase (Worthington collagenase type 1), and 1 mg/ ml albumin (Sigma). The pH was adjusted to 6.2 by addition of 5.0 mM Hepes buffer and NaOH. The digestion medium containing the Purkinje fibers was placed in a gyrotory water bath at 37°C and continuously gassed with 100% O 2 . After 4 hours, the endothelial sheath had been digested, revealing the columns of Purkinje cells. The digested fibers were washed three times and incubated for 10 minutes at 37°C in 130 mM K-glutamate, 5.6 mM MgGi, 0.1 mM EGTA, 5.0 mM dextrose, and 5.0 mM Hepes buffer (pH 6.2). The fibers then were subjected to brief (about 3 seconds) low-speed disruption with a homogenizer (model 45, Virtis). Survival of cells was critically dependent on the speed and duration of the homogenization. The resulting single Purkinje cells were centrifuged at 22 g and maintained in standard Eagle's minimal essential medium (buffered with 5.0 mM Hepes at pH 7.2) containing 1.8 mM Ca ++ , 5.4 mM K + , and 1 mg/ml albu-
Electrophysiological Technique
Purkinje cells were transferred to a modified plastic Petri dish, which was perfused by gravity with standard Eagle's minimal essential medium (as described above). All experiments were performed at room temperature, approximately 22°C. The test chamber was positioned on the stage of a modified inverted microscope (Vickers In- struments Ltd.), and the perfusate was held at zero potential by a virtual ground amplifier. Conventional glass microelecrrodes with tip resistances of 35-55 MO. were filled with 3 M KC1 for voltage recording and 2 M K-citrate for current passage. The rrucroelectrodes were positioned with Huxley micromanipulators. Each microelectrode was connected to the input of one channel of a dual-channel electrometer bridge amplifier (KS 700, WP1), which permitted recording of voltage and passage of current intracellularly using one or two microelecrrodes. Voltage and current measurements were displayed on a storage oscilloscope (Dll, Tektronix), and photographed. Current pulses (series 1800, WPI) were delivered intracellularly or extracellularly through a bipolar platinum electrode placed close to the Purkinje cell.
Results
Cell Morphology
After 30 minutes in standard Eagle's minimal essential medium, approximately 10% of the single Purkinje cells were quiescent and had well-defined striations, cell borders, and characteristically jagged cell endings. Occasional small multicellular aggregates of Purkinje cells also were present. The single cells varied considerably in their dimensions. The ones chosen for study were probably somewhat larger than the average, with dimensions of 164 ± 41 nm by 35 ± 4 nm (±SD). When viewed by light microscopy (400X), the surface membranes appeared to be free of connective tissue and without the cell injury that has been called "blebs* (see Fig.   545 1). The single Purkinje cells excluded 0.5% trypan blue vital stain, and maintained their normal appearance for 3 days in cell culture environment at 37°C.
Single Microelectrode Experiments
Some of the Purkinje cells showed low resting potentials, but, upon hyperpolarization to potentials negative to approximately -65 mV, they demonstrated anode break responses with overshoots up to +30 mV. In other instances, prolonged microelectrode impalements could be achieved in cells with normal resting potentials (range -62 to -83 mV) for up to 40 minutes. When these cells were stimulated, either extracellularly or intracellularly, action potentials were recorded and vigorous contractions were observed. A representative action potential is shown in Figure 2 . The resting potential was -74 mV. The action potential, elicited by a brief stimulus, had a duration at 90% repolarization of 310 msec. The overshoot potential was +14 mV and the action potential shape was typical of Purkinje fibers, with a notch after the early rapid repolarization. Pacemaker potentials were not seen under the experimental conditions of room temperature and 5.4 mM K + in the test solution.
Two Microelectrode Experiemnts
Membrane properties of single Purkinje cells were investigated using two microelecrrodes. Because im- palement of the second micropipette usually caused the cell to depolarize, a small hyperpolarizing d.c. current was passed to maintain the cell near -80 mV. For measurement of membrane properties, 40-msec-long hyperpolarizing current pulses were passed through one microelectrode impaled near the center of the cell, and the transmembrane potential response (approximately 5 mV) was recorded with the second. The magnitudes of the steady state potential response and current pulse were used to calculate input resistance. For purposes of calculating passive properties, the cell membrane was considered to be isopotential. Both Hume and Giles (1981) and Powell et al. (1980) have shown in other single cell cardiac preparations that the input resistance very closely approximates the membrane resistance. Furthermore, the length constant of Purkinje fibers at resting membrane potential is about 2 mm (Weidmann, 1952; Fozzard, 1966) , which is many-fold longer than one-half the length of the single Purkinje cells. The input resistance was con-10 msec (Table 1) .
The voltage change during a current step could be fitted by a single exponential, as demonstrated by a linear relation of log AV vs. time. AV is defined as the difference between the voltage at various times after onset of the current pulse and the steady state value reached after a long time. section and no membrane folding, an estimate of surface area can be obtained. With this value, the mean specific membrane resistance, R ro was calculated to be 2.8 Kfi-cm 2 , and the mean specific capacitance, C m , was 2.7 fiT/cm 2 . Properties of the action potential upstrokes were investigated by methods similar to those of Weidmann (1955) . The cell membrane was polarized for 500 msec to a constant value; the 'holding' potential, and then the 'holding' potential was terminated by a brief stimulating pulse. The maximal upstroke velocity, V max/ and the overshoot potential, OS, of the resulting action potentials were recorded. Results for five cells are given in Figure 4 . V max was maximal at potentials negative to -95 mV, with an average value of 167 V/sec. The voltage corresponding to half-maximal rate-of-rise was approximately -70 mV and the threshold potential was about -60 mV. The relationship of overshoot to 'holding' potential was similar (Fig. 5) . The average maximal overshoot was about +30 mV.
Discussion
Single canine cardiac Purkinje cells were successfully isolated by an enzymatic digestion procedure (Stauber et al., 1977; Powell et al., 1980) . For electrophysiological studies, the isolation procedure pro-PEAK OS The passive electrical properties of these Purkinje cells are similar to those obtained for single atrial and ventricular cells. Hume and Giles (1981) reported R m of 9.9 Kft-cm 2 and C m of 2.0 //F/cm 2 for frog atrial cells, and Powell et al. (1980) found R™ to be 3.2 KQ-cm 2 and C m to be 2.5 /iF/cm 2 for rat ventricular cells. Extensive electrical measurements (Weidmann, 1952; Fozzard, 1966) and morphometric studies (Mobley and Page, 1972; Hellam and Studt, 1974) in multicellular preparations suggest that the membrane capacitance is about 1 nF/an 2 , and the membrane resistance is about 10-20 K12-cm 2 . Mobley and Page (1972) found that membrane folding of the external surface of an intact sheep Purkinje fiber increases the surface area by a factor of 1.82. If we assume the same amount of membrane folding in single canine Purkinje cells, the corrected R m would be 5.1 Ktt-cm 2 and the C m 1.5 nF/cm 2 . The resting potentials at room temperature were similar to the values of -60 to -85 mV reported by Trautwein et al. (1953) for canine Purkinje fibers at 22-24°C. Action potentials from single canine Purkinje cells were also similar to those observed by Trautwein et al. (1953) for intact canine Purkinje fibers. They recorded relatively negative plateau levels which were also a characteristic feature in our single canine Purkinje cell action potentials.
The dependence of V nux on membrane potential is similar to that described for intact Purkinje fibers by Weidmann (1955) , who found a voltage for halfmaximal V max of -70 mV. The largest value of V™* in single Purkinje cells at 22°C is less than the typical values of 500 V/sec recorded in intact fibers at 37°C. However, Coraboeuf and Weidmann (1954) measured Vmax at 22°C to be about 250 V/sec, so our lower values may have been simply the effect of temperature. Colatsky (1980) has shown in rabbit Purkinje fibers that the magnitude of inward Na + current is reduced at lower temperature.
These experiments demonstrate that single canine Purkinje cells can be isolated, that they survive for a period sufficient for electrophysiological study, and that the electrical properties resemble those of intact Purkinje fibers. These single cells should be useful for electrophysiological experiments (Makielski et al., 1983 
